The last genetic markers to be transferred during bacteriophage SP82G infection have a higher sensitivity to the decay of incorporated radioactive phosphorous (32p) than those which are located on the proximal end of the genome. If 32p decay is permitted to take place after DNA transfer is complete (in frozen infective centers) and in the absence of DNA replication, no dependence of marker sensitivity on map position is observed. These results indicate that the decay of incorporated 32p leads to damages that prevent the efficient transfer of portions of the genome distal to the lesion. At 4 C, failure to transfer some portion of the genome occurs in 49% of all lethal events. Even though damages that prevent transfer of the genome are in themselves lethal, they do not prevent rescue of genetic markers on portions of the genome that are transferred. The portion of the genome that is transferred, is transferred at the same rate as an undamaged genome. We interpret these results to mean that double-strand breaks in the DNA are the lesions that prevent distal transfer and that single-strand breaks have little or no effect on the transfer of the bacteriophage SP82G genome.
The last genetic markers to be transferred during bacteriophage SP82G infection have a higher sensitivity to the decay of incorporated radioactive phosphorous (32p) than those which are located on the proximal end of the genome. If 32p decay is permitted to take place after DNA transfer is complete (in frozen infective centers) and in the absence of DNA replication, no dependence of marker sensitivity on map position is observed. These results indicate that the decay of incorporated 32p leads to damages that prevent the efficient transfer of portions of the genome distal to the lesion. At 4 C, failure to transfer some portion of the genome occurs in 49% of all lethal events. Even though damages that prevent transfer of the genome are in themselves lethal, they do not prevent rescue of genetic markers on portions of the genome that are transferred. The portion of the genome that is transferred, is transferred at the same rate as an undamaged genome. We interpret these results to mean that double-strand breaks in the DNA are the lesions that prevent distal transfer and that single-strand breaks have little or no effect on the transfer of the bacteriophage SP82G genome.
The observation that the decay of 32p atoms incorporated into the genome of bacterial viruses leads to their inactivation was first made by Hershey et al., who concluded that this was probably the result of damage to the phage DNA (11) . Stent and Fuerst examined this "32P suicide" in bacteriophage T2 and found that only a fraction (about one tenth) of the 32P disintegrations occurring in phages stored at 4 C resulted in lethal events (20) . This low efficiency of inactivation (a, in lethal hits/32P decay) has proved to be characteristic of most bacteriophages having genomes of doublestranded DNA (19) . To explain this phenomenon Stent and Fuerst proposed that the decay of the 32p atom could result in two types of damages to the DNA helix: those that break only one strand and those that break both strands, suggesting that only damages of the latter type are lethal (20) . The presence of both kinds of breaks in the DNA has been demonstrated by measurement weight of the DNA extracted from phage particles after 32p decay (3, 22) . More recent investigations using isolated pneumococcal DNA (15) and circularized bacteriophage A DNA (23) have shown that the frequency of double-strand breakage is about 0.04 to 0.05/32P decay. Thus, double-strand breaks can account for only 40 to 50% of the lethal events occurring at 4 C; the remainder are presumed to be the result of single-strand breaks that are not repaired in time to permit the successful replication of the genome (23) .
Little is known about the effects of these 32p (2) . The entry of genetic markers on the bacteriophage SP82G genome during phage infection proceeds in a linear, unidirectional fashion that is consistent with the genetic and physical maps (13) . The effects of 32p decay on the transfer of the genome may therefore be examined genetically by determining its effect on marker transfer, and physically by examining the transfer of labeled DNA. The experiments described in this report show that genetic markers that are the last to be transferred during phage infection have a higher sensitivity to 32P decay than those located at the starting end of the genome. These results are interpreted to mean that the decay of incorporated 32p results in damages that prevent the efficient transfer of portions of the genome that are distal to the lesion. Even though such damages are in themselves lethal, they do not prevent the rescue of genetic markers on portions of the genome that are transferred.
MATERIALS AND METHODS Preparation of samples. The bacterial strain, growth media, and the techniques for propagation of unlabeled stocks of bacteriophage SP82G have been described (5, 6) . For the growth of highly labeled radioactive stocks, Nomura Tris-salts buffer (NM; reference 14) containing inorganic phosphate (Pi) at 10 Ag/ml was supplemented with 0.5% glucose, 0.2% Casamino Acids, 2.5 x 10-3 M MgCl2, 0.1% yeast extract, 4 mg of arginine per ml and 0.2 mg of L-histidine per ml. The yeast extract and Casamino Acid stock solutions had been previously freed from P1 by the method of DeLory (4). Media containing 32p at a specific activity of about 100 mCi of P per mg was inoculated with small samples of log-phase cultures grown in unlabeled media (Pi concentration = 10 Ag/ml) and the cultures were permitted to grow for 3 to 4 generations at 33 C. At a cell density of 108 cells per ml (measured as optical density in a control culture), bacteriophage were added at an input ratio of 0.1 phage per cell. After a few minutes, the culture was diluted 10-fold into media containing 32p at the same specific activity and incubated until lysis occurred. Labeled stocks of coliphages T3 and T4 were prepared in a similar fashion except that after infection of the bacterial host (E. coli B/5) at a cell density of 5 x 108 cells per ml the culture was not diluted further. Lysates prepared in this fashion generally showed a 1,000-fold increase in phage titer.
Labeled and unlabeled control stocks (containing an equal amount of unincorporated radioactivity) were stored at a 10-3 dilution in NM salts buffer containing 10-3 M MgCl2 at 4 C, or in NM salts buffer containing 10-3 M MgCl2 and 10% dimethyl sulfoxide (DMSO) at -20 C. Under these conditions the control lysates remained stable during all experiments described.
To examine the effect of 32P decay after infection, bacteria that had been concentrated to 4 x 109 cells per ml were exposed to phage at a ratio of 0.1 phage per cell for 1 min in the presence of 100 Ag of chloramphenicol (CM) per ml. The adsorption mixture was diluted into complete media containing CM and held for 8 min at 33 C. This is sufficient time to allow the penetration of the entire phage genome (13) . An equal portion of ice-cold media was added, the infected cells were freed of unadsorbed phage by centrifugation (7,000 x g, 5 min), resuspended in ice-cold media containing 10% DMSO to a concentration of 108 cells per ml, and frozen at -20 C. Under these conditions, infective centers resulting from unlabeled phage were stable for 25 days.
Phage assays and marker rescue experiments. Temperature-sensitive (ts) mutants of SP82G that will grow at 33 C but not at 47 C were used in this study. These mutants and the techniques for the assay of phage, infective centers and wild-type (WT) recombinants have been described (6, 7, 12) .
In marker rescue experiments involving stored phage particles, samples of a stock solution of a highly labeled ts mutant phage at about 107 particles per ml were diluted 1:10 into a tube containing log-phase bacteria at 108 cells per ml. The mixture was held for 4 min at 33 C. Samples of the infected culture were then exposed to different ts mutant phages at a ratio of 5 to 10 phage particles per cell for 6 min, diluted, and plated at 47 C. In experiments involving the rescue of genetic markers from stored, infected bacteria, frozen samples were thawed at 47 C and superinfected as described above.
In all marker rescue experiments the fractional survival of genetic markers was determined by comparison to results obtained with an unlabeled stock preparation stored and handled under identical conditions. Slopes of the inactivation curves were determined by standard linear regression analysis.
Blender experiments. The techniques used in blender experiments have been previously described (13) .
RESULTS
Comparative sensitivity of SP82G to 32p decay. To determine the sensitivity of bacteriophage SP82G to 32p decay, this phage and the coliphages T3 and T4 (for which values of a have been determined) were propagated in media having the same specific activities of 32P. The frequency of surviving viable phage was determined as a function of the time of storage (Fig. 1.) (19) . At -20 C the average value of a is 0.085, or about 72% of the sensitivity of phage stored at 4 C. A similar decrease in the sensitivity of bacteriophage to 32p decay at lower temperatures has been reported for other bacteriophages (20, 23) .
Effects of 32P decay on marker survival in free phage. The transfer of genetic markers on the phage genome during infection by bacteriophage SP82G proceeds in a linear unidirectional fashion (13) consistent with the genetic map (7) . Markers at the left end of the map are transferred first. If the decay of a 32P atom fragments the genome and prevents the transfer of a portion of the genome (fractional injection), then one would expect that those markers which are transferred last and are most distal to the starting end of the genome would be the most sensitive to the effects of the transmutation.
The effect of the decay of incorporated 32p on the survival of markers on the phage genome was examined by measuring the ability of unlabeled superinfecting phage particles to ''rescue'' genetic markers from infective centers established by 32P-labeled phage. This is possible since superinfection exclusion is not observed in the SP82G system (12) . A highly radioactive lysate of the ts mutant H167-A4 (see Fig. 2 ) was prepared and stored at 4 C. At intervals the viable titer of this suspension was determined by plating at the permissive temperature (33 C). At the same time, bacteria were infected at a low multiplicity with this stock and subsequently superinfected with different ts mutants. These complexes were plated at 47 C. At this temperature only WT recombinants will yield plaques and these can only be formed when the superinfecting phage can "rescue" the and a G + HMC-glucose content of 34% (22) . and a G + C content of 43% (22 e x p e l m e t s n v o l l n g r a u o a c l v e n a g s t r e a H 3 6 2 , H2, 0 e119. at 4 C are presented in SP82G GENOME TRANSFER correct, and 32p damages in fact led to an "all or none" injection of the phage genome, then the increased sensitivity of markers at the right end of the map could only be explained by assuming that these individual markers are intrinsically more sensitive to the effects of 32p decay. Such a bias in the sensitivity of different markers would be observed not only during extracellular inactivation (in free phage) but also during intracellular inactivation (in infective centers) where 32p decay proceeds after the transfer of the genome to the cell is complete. Effect of 32P decay on marker survival in infected bacteria. To examine the effect of 32p decay after infection, bacteria were infected with highly radioactive ts mutant phage (H167-A4) or a nonradioactive control and diluted into growth media. After a length of time sufficient to allow the penetration of the entire phage genome, the bacteria were freed of unadsorbed phage by centrifugation, resuspended, and stored at -20 C. Shortly after the onset of phage growth the sensitivity of the phage to 32p decay decreases; however, this stabilization does not occur in the absence of protein synthesis (24) . To prevent stabilization, all steps prior to freezing were carried out in the presence of chloramphenicol (100 ,ug/ml). After various periods of storage, samples were withdrawn, thawed at 47 C, superinfected with a different ts mutant, and assayed for WT recombinants. The efficiency of inactivation for infective centers and for each marker (or marker pair) was calculated as before from the slope of the survival curves. At the same time, experiments similar to those described in the previous section were used to determine the effect of 32p decay on both the marker sensitivity and survival of free phage stored at -20 C. The results are summrized in Table 3 . The survival curves for free phage and for infective centers stored at -20 C are indistinguishable (Fig. 7) . The efficiency of inactivation of markers under the same conditions is plotted as a function of their cumulative map distance from the left end of the map in Fig. 8 . Variations arising from freezing and thawing of infected cells, and from the low specific activity of the phage stocks used in these experiments, result in a large amount of scatter in the data. However, given these reservations, certain trends are apparent. In free phage stored at -20 C the dependence of marker sensitivity on map position can still be observed. The sensitivity of genetic markers in infective centers stored at -20 C, however, does not appear to depend upon map position. Linear regression analysis of the data in Fig. 8 indicates that the Y intercept of both curves is similar (0.009 for free phage, 0.007 for infected bacteria).
These results give strong support both to the hypothesis of fractional injection and to the Radioactively labeled phage and bacteria which had been singly infected with these phage particles were frozen and stored at -20 C. At intervals samples were thawed and their ability to yield viable phage, or WT recombinants after superinfection with suitable marker rescue phage, was determined. The slopes of the resulting inactivation curves were analyzed as described in the legend to Table 2 . concept of intrinsic sensitivity. When free phage are inactivated by the decay of incorporated 32P, there is an obvious dependency of marker sensitivity on map position. When 32P decay takes place after the genome has been transferred to the cell, however, no dependence of marker sensitivity on map position is observed. Moreover, the average sensitivity of genetic markers under intracellular conditions is in good agreement with the average sensitivity of markers calculated at aiO, the sensitivity of markers on free phage when located at the most proximal position of the genetic map.
Effects of 32P decay on the kinetics of genome transfer. To examine the transfer of DNA from 32P inactivated phage, bacteria were exposed to highly labeled bacteriophage and diluted into growth media at 33 C for 12 min. The complexes were chilled and blended, and the bacterial pellets were examined for associated radioactivity. When labeled bacteriophage that had been inactivated by 32p decay to a survival level of 1% were used, the amount of 32P associated with the pellet after blending ranged from 28 to 53% of the adsorbed radioactivity compared with 78% for non-inactivated phage (data not shown). This is in excellent agreement with the results of Hershey et al., (10) .
The time of entry of different genetic markers along the phage genome may be examined by halting the transfer of DNA by chilling at intervals after infection, removing the untransferred DNA by blending, and assaying for the presence of specific markers in the blended complexes (13) . Using this technique, a comparison can be made of the time of transfer of markers on a genome that has been damaged by 32p decay and one that has not. Bacteria were synchronously infected with a ts mutant phage (H167-A4) and at intervals the complexes were chilled and blended. To assay for the presence of markers that are transferred at early times (H177-G55) or at late times (el4-H24), the complexes were superinfected with these ts mutants and plated at 47 C. WT recombinants can only be formed when the required genes have been transferred to the bacterial cell prior to the time of blending. A radioactive lysate that was inactivated to the 1% level of survival, and a nonradioactive control which had the same original titer were used in such an experiment. Figure 9 shows the number of blended complexes able to yield WT recombinants as a function of the time of chilling. The linear portion of each curve has been extrapolated to intersect with the yield of WT recombinant complexes from a control sample that was never blended. This is an indication of the time at SP82G GENOME TRANSFER which the transfer of each marker has been completed in the entire population. Markers that are transferred on a 32P damaged genome (inactivated to 1% survival) attain saturation levels at the same time as those on undamaged genomes regardless of whether they are transferred at an early time or at a late time. Thus, markers that are transferred on a damaged genome are transferred at the same rate as those on an undamaged genome. Note, however, the comparative level of marker rescue. At the 1% survival level, the rescue of the double mutant H177-G55 is 33% of that observed in the nonradioactive control. However, the rescue of the double mutant e14-H24 is 5% of that observed in the control. This difference reflects the increased sensitivity of markers at the right end of the map to the effects of 32p decay.
DISCUSSION These experiments show that disintegration of incorporated 32p atoms can prevent the rescue of genetic markers on the bacteriophage SP82G genome by two different processes. In the first process, 32p disintegrations fragment the genome and prevent the efficient transfer of markers that are distal to the break. As a result of this, genetic markers that are the last to be transferred during phage infection have a higher sensitivity to 32p decay than those located at the proximal end of the genome. In the second process, a direct "hit" by a 32p decay inactivates the genetic potential of the marker even if it is transferred. The sensitivities of genetic markers to 32p decay that occurs after DNA transfer is complete (in frozen infectious centers) reflect events of the latter type and, within the resolution of the experiments described here, these appear to be independent of the position of the marker on the genetic map. The average sensitivity of genetic markers determined in this manner agrees well with the sensitivity of genetic markers in free phage which are located at the origin of the genetic map (where the effects of 32p decay on DNA transfer would be expected to be at a minimum). We have interpreted these results to mean that the sensitivities of genetic markers observed in free phage are a composite of the two types of inactivation events, and that the sensitivity of a marker due to the probability of its not being transferred is superimposed upon its intrinsic sensitivity.
Since the failure to transfer any necessary genetic information would result in the inactivation of the phage, it might be expected that lesions of the type that prevent the transfer of a portion of the genome represent a special class of lethal events that occur only under extracellular conditions and not when decay takes place within the cell. However, the efficiency of killing under intracellular conditions at -20 C is not different from that of free phage at the same temperature (Fig. 7) . Clearly, damages that prevent transfer of the phage genome are in themselves lethal, even if they take place after infection has occurred. This is expected, for it is difficult to conceive of a damage that leads to fragmentation of the genome and is not lethal.
An estimate of the frequency of damages that lead to nontransfer of a portion of the genome can be obtained from Fig. 5 . The most distal gene known (and therefore the most sensitive) is located at about 54 map units from the left end of the map (7) and would have an efficiency of inactivation of aima. = 0.074. By extrapolation of the curve to zero map units the efficiency of inactivation of a marker located at the least sensitive end of the map can be obtained. This is the average intrinsic sensitivity of markers and at 4 C has a value of "i0 = 0.016. The difference between these values, aimax -"'io = 0.059, represents the frequency of inactivation of genetic markers at the distal end of the genome which are due to nontransfer events alone. The efficiency of killing at 4 C is a = 0.118 and thus nontransfer of a portion of the genome occurs in 0.059/0.118 or 50% of all lethal events. Since this is approximately the frequency with which double-strand breaks have been observed to be formed in DNA by 32p decay (15, 23) , it is tempting to conclude that at 4 C double-strand breaks are the lesions responsible for inhibition of transfer and that they probably always prevent the transfer of the portion of the genome distal to the break. This conclusion is supported by the observation that there are approximately 1.3 naturally occurring, randomly placed single-strand breaks on the SP82G genome (Green and Hall, unpublished data) that apparently have no effect on phage viability.
In addition, a population that has been inactivated to a 1% survival level has sustained, on the average, 4.6 lethal hits per phage particle (e-6 = 0.01). Since the efficiency of inactivation is 0.1 lethal hits/32P decay, and since each 32p decay leads to single-strand breaks with 100% efficiency (15, 23) 205, 1972) has recently observed that in bacteriophage SP82G stored at -196 C the sensitivity of genetic markers to the decay of incorporated 32p or 33P has, on the average, the same value. Since 3"P decays in a similar manner to 32P but has a much lower recoil energy, the occurrence of double-strand breaks in phage labeled with 33P should be much lower. If only double-strand breaks prevented transfer of distal portions of the genome, the survival of genetic markers in phage labeled with 33P should be somewhat higher than in phage labeled with 32P. The reasons for these discrepancies are not clear; it is possible that some types of damages that occur at 4 C do not occur when decay and storage take place at -196 C.
Harriman and Stent (9) have observed that the function of 11 different cistrons on the bacteriophage T4 genome are inactivated by "2p decay at about one half the rate of loss of viability of the whole phage. This, and a number of other observations, led these authors to propose that double-strand breaks result in long range hits that cause the functional inactivation of the entire genome, and that single-strand breaks result in short range hits affecting only portions of the genome. Whether the genetic potential of cistrons is also susceptible to the differential effects of long-and short-range hits is not clear. Stahl (17) has found that the genetic potential of three markers on the bacteriophage T4 genome was lost simultaneously in about one half of all lethal events (suggesting the effects of long-range hits), while in phage that were still able to contribute some genetic markers, the surviving markers tended to be inactivated together if they were closely linked (suggesting the effects of short-range hits). Stent (18) examined the genetic survival of markers on the T2 bacteriophage genome. In this system he found that markers were inactivated independently, indicating that short range hits were the predominant cause of genetic inactivation. In bacteriophage SP82G, damages which lead to incomplete transfer of the genome (and which presumably result from double-strand breaks) do not always inactivate the genetic potential of the entire genome. If they did, then no polarity of marker sensitivity with map position would be noted-any doublestrand break would result in the inactivation of the entire genome, including the portion that was transferred. That the macromolecular continuity of the genome is not necessary for marker rescue also follows from blender experiments in which markers are rescued even after the untransferred DNA has been removed from the infected complexes by blending (13) .
Although double-strand breaks do not inactivate the genetic potential of the entire SP82G genome, whether the same is true of the functional potential of the genome is an unanswered question. This possibility could be tested, however, since the function of gene 2 is known and is readily assayed (1) . If double-strand breaks result in the functional inactivation of the entire genome, then the sensitivity of the function of gene 2 to 32P decay should be substantially higher than its genetic sensitivity as measured by marker rescue.
It is possible that the intrinsic sensitivity of markers is due in part to some special subclass of double-strand breaks that do inactivate the genetic potential of the entire genome. However, in view of the observations that genetic markers show similar sensitivities to 32P and 33P decay (Abstr. Annu. Meet. Amer. Soc. Microbiol., p. 205, 1972) and that the intrinsic sensitivity of double markers is higher than that of single markers (Fig. 5) , it seems more likely that the intrinsic sensitivity of markers results from damages of a short-range type affecting only a portion of the genome. The sensitivity of genetic markers to 32P damages is about one-seventh to one-ninth of that of the whole phage (aio/a = 'h at 4 C, 'h at -20 C). Since there are twentyseven known cistrons on the SP82G genome (7) each marker must present a target size that is larger than its actual physical contribution to the genome. Thus, the effect of a short range hit is not limited to the cistron in which it occurred, but may affect the rescue of markers at some distance from the damage.
In conclusion, we have demonstrated that in bacteriophage SP82G the decay of incorporated 32p leads to damages that prevent the efficient transfer of portions of the genome that are distal to the lesion. It is hoped that this observation may be applied to other bacteriophage systems where the polarity of entry of genetic material is of interest.
